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, UMMARY

This report describes work in the areas of the measurement and

interpretation of C NMR chemical shifts of room temperature molten salts

of various composition formed fr-om l-methyl-3-ethylimidazolium chloridme and

aluminum chloride; the measurement and interpretation of 2 7 A1 NMR lineshapes

as a function of temperature amid melt composition; the measurement and

interpretation of 2 7 Al NWIR linewidths as a function of melt composition; the

MIR study of the reaction of acidic AiCl 3 /methylethylimidazolium molten salt

with dissolved chlorine; and the redistribution of halide on aluminum during

the mixing of acidic chloride and bromide melts in acetonitrile solvent.

As part of the study of the. effect of temperature on the 27 AtNMR1

lineshapes o. the molten salts, a computer program is given which uses a

matrix method to simulate NMR lineshapes as a function of chemical shifts,

linewidths, and exchange rates.

i
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PREFACE

The work reported here is part of a continuing study of Lhe structure and

properties of molten salt electrolytes which have potential for use in bigh

energy density electrochemical cells.

Part of this work has been nccepted for publication in a forthcoming

issue of Inorganic Chemistry.

GFR gratefully acknowledges his support by the Air Force Office of

S(ientific Research as a University Resident Research Professor at the Frank

J. Seiler Research Laboratory, United States Air Force Academy.
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INTRODUCTION

The search for stable, room-temperature ionic liquids having high

conductivity has led to the choice of molten salt mixturcs of aluminum

chloride/methylethylimidazolitim chloride as a promising candidate for use as

electrolytes in high energy-density batteries. Previous reports from this

Laboratory have focused on the transport propertiesI and the proton NMR

studies2 of these room temperature molten salts. In addition, acidic

aluminum chloride/dialkyl. 'uazolium chloride melts have iccently been found

to be excellent solvents for the electroplating of aluminum on various

.ubstrates.3

The research now being reported deals with the use of 1 3C and 2 7 Al

NMR spectroscopy to study the behavior of the chloroalumioate melts at various

temperatures and to make comparisons with other molten salts systems,

particularly alumainum chloride/N-butylpyridinium chloride molten salts that

have been previou,;ly studied.4-7 The two main advantages of the imidazoiium

chloride melts over the pyridinium chloride melts are first a larger liquid

range at room temperature as the proportion of aluminum chloride is varied,

and second, a wider electrochemical window in the imidazolium chloride melts

compared to the N-butyl pyridinium melts.

In agreement with previous studies cited above, the two main equilibria

involved in the melts studied in this work are
Ir+e- + AAlCI if

=m Cl + Al~l Im + AICI (1)

in the concentration range from 0 to 0.5 mole fraction of AlCl3, and

AlCl4 + ACl3 Al 2C7 (2)

in the concentration range from 0.5 to 0.66 mole fraction of AICI 3 . The

equilibrium constants for both equilibria as written are both much greater

than unity.



By studying the 13 C and 27Al NMR spectra oa the mlts as a function

of concenitration and temperature, information can be obtained about their

structure. The change in 13C NMR chemical shifts of the cairbon atoms of the

imidazol ring, especially of the carbon atom between the two nitrogen atoms,

should be a sensitive indicator of cation-Lnion interactions at various

conditions, and thus give valuable information about the melt structures. The

2 7A1 spectra should give information about the type of chloroaluminate

species present under various conditions, both by obserxition of the number ofI27 Aresonances where separable, and also by observation of the 27Al NMR

linewidths at various conditions where only one resonance is observable.

EXPERIMENTAL

The ciloroaluminate melts were prepared from purified ACl3 and
8

l-methyl-3ethylimidazolium chloride as described elsewhere. In most cases

the warm melts were stirred with a teflon-coated magnetic stirrer to

facilitate uniform mixing. All preparations were done in a dry box under

argon atmospher( , and the NMR samples were sealed in the dry box before

removing to record their NMR spectra.

The nuclear magnetic resonance spectra were recorded using either a

Nicolet NT-150 NMR spectrometer and a 12 mm tunable probe. or a JEOL FX-90Q

NMR spectre neter using 10 mm or 5 mm tunable probes. During the NMR

measurements, the temperature was controlled to about ±10 using NMR

Te134variable temperature control. The C chemical shifts were referenced to an

external TMS standard with positive shifts indicating decreased shielding.

2



RESULTS AND DISCUSSION

1. 1 3 C NMR Chemical Shifts of AIlI13 /Methylethyl imidazol ium Chloride Melts

A series of AIl 3 /l-methyl-3-ethyliiiidazoli tini chloride mixtures were

prepared having mole f~raction of A1Cl from 0 to 0.66 in order to study the
3

Offe~t of 13C chemical. shifts of the imidazolium carbon atoms as a function

of concentration and temperature. At room temperattre, the mixtures were

liquid from aboat 0.3 to 0.6 mole fraction of AIC! 3) and at 90 °C the

mixtures were liquid over the extended range of 0 to 0.06 mole fraction of

AM I3. At these temperatures, well-defined 13 C NMR resonance~s were

obtained in all cases. Figure 1 shows a comparison of the C NMR spectra

at room temperature of a melt of mole fraction AICI 3 of 0.6 with the same.

melt dissolved in phosphoryl chloride. The two spectra are very similar,

indicating that there is rapid averaging of the magnetic environment about the

13C atoms in the neat melt analogous to that in phosphoryl chloride

colution. The structure and carbon chemical shift assignment:s for the

methylethylimidazolium cation are indicated in Figure 1.

The 13 C chemical shifts of the imidazolium (Im +) ring should be

governed by the number and type of counterion neighbors. In the basic region

of melt composition of mole fraction AICI3 from 0 to 0.5, the two

significant counterions are Cl and AlCl 1 , ".'hile in the acidic region

from 0 to 0,66, the two significant counterions are Al1Cl and
4

Al CI When the cationic species in a certain magnetic environment is
2 7'

rapidly exchanging with a species in another environment, only an averaged

chemical shift will be observed for each carbon atom, with the observed shift

given by the equation.

o.s Xy x (3)0, y y Y

3



where X is tile mole traction of species y and 6 is the chlemici l shift.
y y

of species y. The chemical shift data allows models of the caltion-anion

species to be tested when reasonable values o0 tile X aWd 6 values can
y y

be obtained.

The 13C chemical shift data obtained in this study for the six carboi

atoms of the methyiethylimidazolium cation as a funct ici of melt olomposition

showed that by far the greatest change in shift was observed for the (1-2

carbon situated between the two imidazolium nitrogen atoms This is expected,

since moleular orbital calculations show carbon C-2 of the imidazolium cation

to have by far the smallest electron density; and thus, this carbon atom

should be affected to the greatest degree by cation-anion interactions.

Table 1 shows the value of the (2-2 chemical shift (referred to the

external lock signal) at 90 °C as the mole fraction of AICl 3 is increased
133

from 0 to 0.(, . A plot of the measured C chemical shifts for this carbon

as a function of the mole fraction of AICI is shown ir Figure 2. The
3

greatest change is seen to be in the basic region of mole fraction Ai(I 3

from 0 Lu 0.5. il Lhii• region, the vuacLiou of Cl aud AII 3 Lo yield

A 4CI leads to the CI couuterion being replaced by AIC!4

counterion, while in the acidic region of mole fraction AICI from 0.5 to
3

0.66, the reaction oi AICI 4 and AICI 3 to yield Al 2 Cl; leads to

the counterion AMC1 4 being replaced by Al/I 7 counterion. Thu

former case thus leads to a much gr ater change in the magnetic environment of

the C'-2 carbon of i.he imidazolium cation than in the latter case, in which a

chloroaluminate anion is being replaced by another chloroaluminate anion.

Because of the marked change in chemical shift with compositicn in the basic

region, the chemical shift data in this region can best be used to test models

of the number and type of interactions occurring in the 0elt.

4



ANo of the simplest models of the bas1c melt involve (1) ion pairs, or

+0110 ion-iou jineract ion per In , and (2) two iou-ion interactis 1018rC

111 . According to Model 1, the two species to consider in the basic region

are:

Model 1

111+ 111+

I I

a b

According to Model 2, the three species to consider in the basic region are

Model 2

ci- C- A1CI4
BI I I

111+ in,+ Im +

c- AGlCl4- AlCl

o d

Species c through e are not discrete, but represent portions of oligomeric

chains of altercating cations and anions. When the different species are in

fast chemical exchange, the observed chemical shifts should be the population

weighted average of the various species present.

13fihe theoretical C chemical shifts for Models ai and b can be expressed



!4

by the following equations,

Model i: 6 obs = Xaa + Xbb (4)

-(I-Y)6 + YD6 (5)
a b b

Model 2: 6 X 6 + Xd6 + X 6 (6)
os C c d d e e

(-y)2• + 2(Y-Y 2 )Sd + Y6 (7)

where Y mole fraction of AlCI
4'

Thus, Model I predicts a linear fit of a plot of chemical shift versus

mole fraction ot AleC, while Model 2 predicts a quadratic fit. The X.

mole fractions can be obcained from the stoichiometries indicated in equations

I and 2, assuming a randoi distribution of anions. Since the plot of the

13C chemical shift of carbon C-2 at 90 °C versus mole fraction AlCl4

4

is non-linear, as shown in Figure 3, the model of simple ion pairs is not in

agreement with the experimental datL. At least two or more ion-ion

interactions must be present to explain the 13C shift behavior. The fit

shown for Model 2 was obtained by a least squares routine, and obeys the

equation:

2 2
a obs (1-Y) (149.33) + 2(Y-Y )(149.05) + 2Y(146.85) (8)

2. 27Al Lineshapes of AlCl 3Methylethylimidazolium Chloride Melts

27
A Al NMR study of the AiCl 3 /l-methyl-3-ethylimidazolium chloride

melts was undertaken to determine if different chloroaluminate species could

be detected as a function of concentration and temperature. In the basic

region only one chloroaluminate opecies is expected, namely, AlCl 4 .

However, in the acidic region, at least two chloroaluminate species are

predicted, AlCl4 and Al 2Cl 7 Since the expected equilibrium

reaction between these two species

Cl Al-Cl-AlCl + AltC = Cl Al -Cl-AlCl + AIC (9)
3 3 4 3 3 4

involves the breaking of an Al-Cl bond, the exchange of aluminum bQtween

6



AICI and Al20C sites should be slow enough at room temperature4 27

so that the different chloroaluminate ions may be observed in the NMR spectra

of the acidic melts. (In order to see separate resonances, the rate of

exchange must be less than 1.414 n Av, where Av is the chemical shift

difference between the two resonances. Since this chemical shift difference

is in the order of 10 ppm, the rate of exchange of Al that results in the

3-i
resonances beginning to merge is approximately 10 sec

The NIMR results at room temperature verified that at both observation

27Afrequencies of 23.29 and 39.10 MHz, only one Alresonance could be

observed from mole fraction of AlCl3 from 0 to 0.5; presumably the Al

resonance of AlCl 4 However, in the middle of the acidic region near

27
mole fraction AIMI of 0.6, it was possible to observe two different Al

3

NMR resonances.

27
Because of the quadrupole moment of the Al nucleus and the fact that

Al C1 has a larger electric field gradient at the nucleus than
2 7

AlCl due to its lower symmetry, there is a greater broadening of the
4

resonance linewidth for Al Cl from efficient nuclear quadrupole
2 7

relaxation (vide infra). The NMR results showed that longer delay times

following the IMR pulses made it easier to detect two NMR resonances in the

acidic region of about 0.6 mole fraction of AlCl This is because the free

induction decay (FID) of the broad line component of the NMR signal loses its

intensity more rapidly than the narrow line component, so the subsequent

Fourier transform of the collected FID signals shows an attenuated absorption

signal for the broad line component. This is apparent in the 27Al spectra

of melt with mole fraction AICl 3 of 0.56 as shown in Figure 4. In all

cases, the NMR frequency was 39.104 MHz, the sweep width was 10 KHz, and the

temperature was 30 °C. However, the preacquisition delay times from bottom

to top of Figure 4 were .033, .50, and 1.0 ms, respectively, showing the

7



greater separation of the NMR resonances when a longer delay time was used.

In agreement with a previous assignment of chloroaluminate anion NMR

4resonances in a study ucing AlCl3/n-butylpyridinium acidic melts, the

narrow line component to high field is labeled the AICI resonance, while
4

the broader downfield component is labeled the Al Cl resonance.
2 7

The effect of temperature on the NMR lineshapes was inv-estigated for a

AICl /methylethylimidazolium chloride melt having mole fraction AlCl of
3 3

0.6. At this mole fraction of AICI 3 , the reaction

2Im Cl + 3A1C1 3  A1C14  + Al 2 Cl + 21m (10)

yields approximately equal mole fractions of the AlCl and Al Cl
4 2 7

ions. Figure 5 shows the effect of raising the temperature from 47 to 67 then

88 0 C (bottom to top of Figure) using an observation frequency of 23.29 MHz

and a preacquisition delay time of 1.5 ms. As the temperature is raised, the

narrow and broad components of the resonance coalesce, with the averaged

chemical shift falling in betweer. the chemical shift of the broad and narrow

components. Because of the decrease in viscosity of the melts with increasing

temperature, the resonance lines are expected to narrow, but Liot Lo merge into

one another. The coalescence of the resonances above 88 C is indicative of

rapid exchange of the Al nuclei between the tetra- and hepta- chloroaluminate

anion species.

Assuming a 2-site exchange mechanism between AlCl and AI 2 CIL

as given in equation 9, the temperature-dependent line shapes can be

calculated from the appropriate exchange matrix:

Int o Re IPA,PB' i(w-A) - I/TA - kA kA 1-I i (11)
kB i(W-IB) - I/TB - kBi

The intensity of the resonance is proportional to the real part of the inverse

of the exchange matrix, where i is the square root of -1, (w-w) is the

chemical shift in radians of nucleus n, and T = 1/(irAv/) is the

n 1/2



relaxation time of nucleus n in terms of its line width at half-height.

The constants kA and k B are the reciprocals of the average lifetimes

T and TB of nucleus A and B, respectively. Since the equa'ions

governing the determination of these quantities are not usually found in NMR

texts and reviews, they will be briefly discussed. Following the method of

9
Gutowsky and Saika, let us consider the exchang-, of the labeled nuciei,

M*, between two sites, MA and MB:

M A + MB = MA + M B (12)

In this example, the rate of change of M A with time is

-d(M*A)/dt = k 2(M*A)(MB) (2nd order rate law) (13)

and since (MB) is constant in time, the labeled M A have an average

lifetime, TA' given by

TA = (M A)Irate of exchange of M A = I(k 2(MB)) (14)

The exchange of MB is similar, with the average lifetime of M B given by

TB = /(k 2 (MA)) (15)

For purposes of calculation, it is more convenient to express the

concentrations (MA) and (MB) of equations 14 and 15 in terms of the mole

fractions PA and P

TA T/PB' and TB T/P (16)

where PA = (MA)/[(MA)+(MB)], P1 = (MB)/[(MA)+(MB)], and T

I/k 2 [(MA)+(MB)]. (17)

From the above equations, it is evident that kA and kB are determined

by the equations:

SA PB/T, and kB = PA/T, (18)

where T T T IB/(T A+ T B). (19)

Thus, these equations show that for the two-site exchange, the mole ratio and

a single lifetime, T, are sufficient to determine the shape of the simulated

exchange-averaged NMR resonance. The NMR lineshapes calculated by the matrix

9



program given in Appendix I are identical i i the two-site case to the

equations of Rogers and Woodbrey 1 0 when k 1 , 2 is set equal to l/T.

The calculations were made as a USER subroutine attached to the PHD

II
Database System. Lines 1000 to 1930 shown in Appendix I detail the

calculation of the NMR liaeshape simulations. Using a chemical shift

difference of 350 Hz "or the two species, a mole fraction of 0.1 and 0.9 for

the narrow and broad components, respectively; the three simulated spectra

were obtained as shown in Figure 6. These simulated spectra show the correct

lineshapes with the following values of T, the preexchange lifetime, and the

linewidths of the narrow and broad components, at 47, 67, and 88 °C: 0.0040

sec, 95 itz, 1200 Hz; 0.0013 sec, 12 Hz, 710 Hz; and 0.0007 sec, 10 Hz, 600

Hz. It should be noted that the mole fraction values used of 0.1 and 0.9 have

to be artificially adjusted due to the discrimination of the broad line

component when a delay time of 1.5 ms is used, so they are not a true measure

of the actual mole fractions of the anions.

The chemical shift difference of 350 Hz used in these simulations was

027
needed to give the right shape to the 470 Al spectrum. If only the high

temperature results had been considered, the data could have been simulated

more exactly using a smaller chemical shift difference. This leads us to

propose that a three-site or higher exchange mechanism occurs in the acidic

melts at these temperatures. For this reason, we believe the 2-site exchange

simulations cannot be used to give an accurate value for the activation energy

for this exchange.

27
A possible three-site exchange equilibrium for Al in the acidic melts

could involve an additional equilibrium between Al 2 C1 7 and a small

amount of AI 2 C1 6 (of insuificient intensity to detect as a third 2 7 Al

resonance at low temperature):

A2l 6 + Al Cl4  AI*AlCl + AlCl (20)

I0



3. 27Al NMR Linewidths of AlCl 3 /Methyethylimidazolium Chloride Melts

The linewidth at half-height (Avl/ 2 ) of an NMR resonance line having

a Lorentzian lineshape is given by the well-known equation

A'%)/2 I/(6T 2 ) (21)

where T is the spin-spin relaxation time. Because 27Al is a quadrupolar

nucleus having a nuclear spin, i, of 5/2, the spin-spin relaxation process is

dominated by the nuclear Puadrupole relaxation mechanism, and is given by:12

2 2)I/T 2 = (3/40)((21+3)/(12 )(21+l))(27eQ/h) (d 2 v/dz2 )c (22)

where eQ is the nuclear quadrupole moment, d 2v/dz2 is the maximum electric

field gradient at the nucleus, and T is the correlation time for
c

molecular Brownian motion.

In the case of aluminum containing molecules, the electric field gradient

can vary from very insignificant to very significant depending on whether the

molecuie has symmetrical bonds around the aluminum atoms and a symmetrical

distribution of the electron density associated with each bond, or whether the

molecule lacks this symmetry. In the former case, I/T 2 tends to be small

and the NMR linewidth narrow, and in the latter case, the reverse is true, as

indicated by equation 22 above. In addition, since the correlation time,

c' is approximately related to the viscosity, n, and the radius of the

molecule, a, by

3
Ie c c a (23)

a high viscosity can also contribute to line broadening.

27o
The Al NMR resonances were observed at 90 °C for the

AICl 3 /l-methyl-3--ethylimidazolium chloride melts over the composition range

33
of mole fraction AICI 3 from 0 to 0.66. The observation frequency was 39.10

MHz and the preacqilisition delay time was 0.033 ms. The measured 27Al

linewidths are given in Table 2. The striking feature about the data is the

marked decrease in Av to 2.34 Hz exactly at mole fraction AlCI of
1/2 3



0.5. At this concentration, the melt is presumed to have the simple 1:1
+ -AIIiohs

cation-anion composition Im AICI4 Since the Aid ion has
4' 4

tetrahedral synmletry, the electric field gradient at the nucleus is at a

27minimum, and a narrow Al is obtained in agreement with equation 22.

Table 2 also shows a large increase in the 27Al linewidth at 90 0C as

the mole fraction of AIC 3 is decreased from 0.5 to 0. The bulk of this

increase is probably due to the increasing viscosity of the melts which are

richer ii, the organic halide. The increase in viscosity results in a

proportional increase in molecular correlation time, which directly

contributes to an increase in linewidth (equations 22 and 23).

The 27A linewidths were also measured at 30 °C in the acidic
AiCl /methylethylimidazolium chloride melts at a frequency of 23.29 Mhz. At

3

this temperature and frequency, and a preacquisition delay time of .200 ms,
27only a single broad Al resonance was observed. Table 3 gives the values

of the measured linewidths at half-height as well as the corresponding

viscosity of the melt at each concentration, computed at 30 )C from

equations available from a previous study. 1

As shown in Figure 7, the AIv / linewidths for 27 resonances of

the acidic melts correlate roughly with the mole fraction of AI2 C17

(calculated from the moles of A!CI 3 to moles of ImCl). As the melts are

made more acidic, the concentration of unsymmetrical A 2 C1 7 increases

and the Av1/2 value also increases. However, equations 21, 22 and 23 show

that the linewidth is also a function of the viscosity, increasing directly as

the viscosity increases. Therefore, to normalize to unit viscosity, the

linewidths were divided by the absolute viscosities and the resulting values

plotted against the calculated mole fraction of Al 2 CI7 as show in

Figure 8. The interesting result is that there is a fairly linear relation

shown by the plot until the mole fraction of Al CI reaches about 0.7.
2 7
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followed by a marked increase in slope. This suggests that at large values of

Lhe heptachloro.4luminate anion concentration, one or more additional

unsymmetrical species are contributing to the 27A linewidths, perhaps such

as Al 2Cl6

4. Reaction of iCl32/Methylethylimidazolium Chloride with Dissolved Chlorine

When Cl2 gas is bubbled into an acidic AlCi 3 /l-methyl-3-ethylimidazolium

chloride melt, a reaction takes place as evidenced by changes in both the

13C and IlH NMR spectra. The evidence is censistent with the stepwise

replacement of the protons at ring positions 4 and 5 with chlorine atoms. The

proposed reaction is:

1-methyl-3-ethylimidazolium chloride + 4- a d 5- chloro-l-methyl-3-

ethyl-imidazolium chloride o 4,5-dichloro-l-methyl-3-ethylimidazolium

chloride.

Figure 9 shows the change in the H spectrum with time as a melt of

composition 0.60 mole fraction AiC3 is reacted with dissolved chlorine at
3 3

room temperature. As predicted by the above reaction sequence, the three

proton resonances downfield for tha imidazolium ring in the

methylethylimidazolium chloride melt are gradually replaced with but a single

proton resonance, since only the proton on ring position 2 remains after

reaction,

13
Figure 10 shows the change in the decoupled C NMR spectrum with time

as the reaction proceeds at roon temperature. These spectra show that the

reaction proceeds cleanly to give a quantitative yield of product. At the

13
intermediate time of 70 minutes, the three upfield C resonances for the

NCH3 and NCH 2CH3 carbons (refer to Figure 1) now show four resonances

each. These resonanc;> are consistent with the predicted reactions and

correspond to the starting material, the two monochloro-substituted

13



intermediates, and the dichloro-substituted product. Thc final spectrum at 7

hours shows the reaction is complete with no apparent reactant or side

products present.

5. Redistribution of Halide upon Mixing of Acidic Chloride and Bromide Melts

in Acetonitrile Solvent

Acidic AlBr /l-methyl-3-ethylimidazolium bromide melts were prepared
3

from l-methyl-3-ethylimidazolium bromide and aluminum bromide. Several drops
of a bromide melt, 0.60 mole fraction in AlBr were added to several drops

3,

of a corresponding AiCl 3 /l-methyl-3-ethylimidazolium chloride melt in dry

acetonitrile, and the 27Al NMR spectrum taken at room temperature. This

spectrum (Figure 11) shows evidence of a quantitative redistribution of halide

on aluminum. There are five resonances downfield from the external

Al(H2 0)6 3 reference in a chemical shift region known to be specific for
13

tetracoordinated aluminum halide anions in acetonitrile solvent. The

resonance furthest downfield at 102.57 ppm corresponds to the chemical shift

of AlCl4 when only the chloride melt is present in acetonitrile, while

the resonance at 79.67 ppm corresponds to the chemical shift of AlBr 4

when only the bromide melt is present ir, acetonitrile. The intermediate
2 7 Al resonances undoubtedly correspond to AlCl 3Br at 98.86 ppm;

33AICI 2B2 at 93.84 ppm; and AICIBr 3 at 87.46 ppm. Interestingly,

when the same acidic bromide melt is in contact with carbon tetrachloride in

acetonitrile solution, the same pattern of five 27A resonance are observed,

showing the exchange of bromine and chlorine between carbon tetrachloride and

the melt.

14
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Table 1.

2 7 A1 Chemical Shifts (6) at 90" for Various Compositions

Mole Fraction 6

AIC1 3  ppn)

0.0 149.46

0. 109 149.1i0

0.201 149.03

0.270 148.77

0.340 148.33

0.420 147.97

0.480 147.25

0.500 146.74

0.527 146.56

0.560 146.415

0.617 146.18

0.659 145.98
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Table 2.
27A Lineidths at 90' for Various Compositions

Mole Fraction AI/2
AIC1 3  11z

0.11 231

0.20 202

0.27 176

0.34 110

0.42 39.8

0.48 30.5

0.50 2.34

0.53 87.5

0.56 277

0.62 504

0.66 655

18
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Table 3.
2 7A1 Linewidths (Ava/2n) nd ViscosiLtis (Ti) at 30' for Various Compositions

Mole Fraction AvI/2 T

AIC13 11z

0.5195 383.91 15.03

0.5283 534.62 14.87

0.5379 747.07 14.65

0.5514 913.80 14.33

0.5716 1091.3 13.86

0.5870 1286.7 13.50

0.6009 1501.4 13.18

0.6154 1696.8 12.43

0. 102 1782.2 10.99

0.b415 1965.3 9.88

0.6525 2172.9 8.80
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Fig. 1 NMR SPECTRA OF NEAT MELT & MELT IN PHOSPHORYL CHLORIDE SOLUTION
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FIG. 3 C-13 SHIFTS OF CARBON-2 iN BASIC CHLORIDE MELTS
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Fig. 5 TEMP. DEPENDENCE OF Al-27 NMR SPECTRA (m.f. AICI 3 0.60)

(Temp. bottom to top. 47, 67 and 880)

Fig. 6 CALCULATED Al-27 NMR SPECTRA (scale same as Fig. 5)
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Fig. 9 PROTON NMVR SPECTRA OF CHLORIDE MELT (m.f. AICI, 0.60) +Cl 2
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Fig.' 10 C- I3 NMR' SPECTRA OF CHLORIDE MELT (m.f. M'CI 3 '0.60)'+ C12

ref.
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Fig. 11 CHLORIDE MELT & BROMIDE MELT IN ACETONITRILE
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